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Group. The work was carried out by members of the Ana-
lytical Chemistry Group headed by Dr. B. L. Tuffly, the
Propellant Engineering Grouvp, headed by Dr. J. J. Kalvinskas,
the Synthetic Chemistry Group headed by Dr. E. A. Lawton,

the Physical Cheaistry Group headed by Dr. K. H. Mueller,

and the Materials and Processes Group headed by Mr. D. Roda.
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ABSTRACT

This program is concerned with evaluating a new storable
liquid oxidizer INTO, which is nitrogen tetroxide (NTO)
inhibited with & fluorine oxidizer. The best fluorine

oxidizer has been found to be FNO,.

Storability tests of INTO in stainless-steel, aluminum,
and nickel containers at 70 C have now been in progress
for 6 months with no apparent change in the composition

of the propellants,

Corrosion tests of steel and aluminum alloys are being
conducted in wet N[0, dry NTO, INTO made from wet NTO,
INTO made from dry NTO, and dry NTO + IIF, The tests are
being conducted at ambient temperature for 30 days and

fcr 20 wonths, and at 70 C for 30 days. The results of
the 30-day tests are reported herein. A definite pass-
ivation layer was noted both visually and by weight change
on the aluminum samples exposed to INTO at both tempera-
tures and on the iron samples exposed to INTO and to NTO

+ IIF at 70 C.

INTO made from wet and dry NTO has been intermittently
flowed through 25- and 100- pound valves for & 2 week period

with no apparent deterrent effects upon valve performance,

INTO has been prepared by )ubbling F2 through liquid-
propellant-grade NTO at awbient temperature. The reaction
proceeded smoothly and no difficulties are anticipated in

scaling up the operation.
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The -~onductiv:ties of INTO and NTO solutions have heen
measured. The cifiiizon of I-‘.\IO2 or F.5N0 to NTO caused only
s small change in conductivity. It is not anticipated
that INTC will present more galvanic corrosion problems

than does NTO.

Measuremeni.s of the vapor pressures and freezing points of

INTO solutions have been completed.

Methods have beer developed for the chemical analysis of
INTO and of NTO.
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|
INTRODUCTI ON ! 5
{
Nitregen tetroxide (NTO) is thie country's most widely used liquid oxidizer. ‘
Corrosivity has greatly complicated the use of this propeliant. Dry NTO :
is not a highly corrosive liguid, but aoist NTO is extremely correosive ‘

because of the formatiun of nitric and sitrcus acide by the reaction of ‘
NTO with water. This moisture provlem is the reasom for the rigid and ' 4
difficult-to-raintain military specification F-26539B (99.50-percent min- i
imum N,0,, 0.]10-percent maximus H,0 equivalent). Because up to 1 percent
of water does not affect performance, tue ouly reasvn for the highly re-

strictive 0.l-percent water equivaleut requirement is to redvce corrosivity.

It has been assumed that nitrogen tetroxide presents no sericus storage
cr handling problem when stored and transferred in clean, air-iight,

woisture-free systems, and handled by trained persounel. This assumption !
han proved misleading for operstional purposes.

p——r-
Wi’

The manifestation of corrosion effects has brought to light the woist NTO
problem. Ib addition to causing material failures, the reactivas oi the
woist oxidizer with the environment also lead to ¢rosion phenceena. Be-
cause of the corrcsion of contaiver materials, a solid phase is oflen in-
trodured into the systeas. The mechanical sovement of this rolid causes
clogged filters, flow decay rates in setering equipment, 1atermittlent
irregularities, and unexpected residue a;,~u.rance, Also, premsture hard-

wcre failures, surreptitious leaks, and sporadic wexnenmng of the awxila-

ary equipuent have sometimes occurred because of s rapid, jocalized attack

surh as pitiing and intergranuiar iuvasicn of the nitrate rpecies.

Briefly, NTO rcac? with wuisture to forw iINO_ and HNO,. The HNC, then

3 2
reacts farther to fors vater and .‘420_‘. The IM‘ reacts vith valve ond
rontainer sateriais to forw w2ll” pitrate, water, and NO ur .\‘,,0“ The

'%",‘- then reacts vith sore NTO to reform HNO T™he net result 12 2 catp-

- 3
lytic nitrstion of the macerials of con:t.uction, with an increase tu N, U

but no decresess in the M., content of the NTO. That is, the selwtion,




when nitrating the wall, loses none of its corrosivity aes o result of the
'
reintroduction of water iuto the system. The sequence of reactions can

be suamarized as follows:

H,0 + K0, ———gu N0, - INO, (1
20— —— 11,0 + N,0- (2)

U0+ “vall”———g "wall” . ;».w{ - N,0, « 2H,0  (3)
BHNO. + 3 “wall”—3 "vall"" - 6NO.™ - 2N0 - WIL0  (4)

The care necessary to guarantee the integrity of a totally water-free sV

tem is often tuo rigorous to be practical.

Late in the summer of 1964, Rocketdyne developed the concept of INTO,
which is NTO to vhich a fluorine oxidizer has been added. It was dewon-
strated by nuclear magnetic resovunance (n.m.r.) and Turner bulb water equi-
valent analysis, that tihe NTU vas purged of water by the reaction of
fluorine oxidizers vith the nitric acid present. OUme of the products of
this reaction wvas definitely desonstrated to be WF. The teclmical posi-
tion at that tise was one 1n vhich it vas knowm that (1} div NTU 1s not
highly corrosive, (2) wet NTO is Lighly corrosive, and (3) INTO consists
of dried NTO vith & flnorioe oxidizer and IF present. IRFXA (RFXA with
HF added; is less corrosive towvards sumw alloys than 1s pure RPNXA. By
analogy. 1t vas predicted that INTO should be less corrosive than wet \TO.

As a ronsequence of the experimental results susmarized previously, tho
present progras vas initiated. The objectives of the progras are (1) to
choore a suitable fluorine oxidizer to make INTU,(2) to mak. an engineer-
1ag evalustion of the corrosican properties and storability of the propel-
lant. (3) te determne some of its baric physical and chemical pioperties,

and (4) to develop methods for its ccmplete chemiral analve:s.




PIIASE I: [NGINEERING EVALUATION

STORABILITY

Summary

One of the primary purposes of the INTO propram has been to select the
most suitable fluorine oxidizer to add to NTO., DBoth F3N0 and FNO2 seemed
likely caudidates because: (1) either would react with HN03, (2) neither
should affect the propellant properties, and (3) both would allow a high
proportion of fluorine loading for a relatively small increase in vapor
pressure. As a result of the storability tests described below, F3N0
was eliminated as a possible additive because it was found that it would

react with NZOIl to form FNOQ,

Experimental

NTO + F3N0 was tested for storability and constituents compatibility in
6061 aluminum, 1018 carbon steel, 321 stainless steel, and nickel con-
tainers at ambient temperatures, 53 and 70 C. The tests were carried out

3N0.nt 70 C

overnight, and (2) vigorous, using CITB at 70 C overnight. The bombs had

a capacity of 8 to 10 milliliters and -each was loaded Wi th 4 to 6 grams
of a 4.,9-percent F3N0 in NT0 mixture.

under two conditions of bomb prepassivation: (1) mild, using F

The samples were analyzed by infrared spectrometry and gas chromategraphy
both immediately after loading and after appropriate time periods. The

datn are summarized iun Tables 1 through 3 .

An examination of the analytical data immediately reveals that the compo-
nents of the NTO-F3N0 mixture are not compatible at elevated temperatures.

As a result, emphasis on the program has been shifted exclusively to NTO
+FNO

a9
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Because NTO + FN02 was formed by the reaction of F.NO with NTO, the com-
7

patibility tests originally started with NTO +F3N0 were continued using

the same solutions in the same bombs., The data from these tests are

also contained in Table 1 tlirough 3 . These results indicate that NTO

IR W ""fﬂf‘*m?“"f T

+ FN02 is storable at elevated temperatures, in sufficiently passivated

containers, for at least 6 months (45 days at 53 C and the remaining time i
at 70 C).

At the end of 6 months, the NTO + FNO, solution in the storability bombs
had been completely used up by sampling for chemical analysis. The bombs
were reloaded with a fresh NTO + FNO2 solution and were returned to stor- i{k
age at 70 C. The storability tests are Leing continued and the contents f%
of the bombs will be periodically analy:ed.

CORROSION TESTS

Summary

The primary purpose of replacing NTO with INTO is to eliminate corrosion

in field-use systems, or at least to reduce it to acceptable limits.
Evaluation of improvements must be based on studies of the corrosive
effects of INTO compared to the corrosive effects of NTO on the materials

of construction used in propellant-handling systems. A limited series

of screening tests were performed to evaluate the efficiency of the l
inhibitor, i
An inspection of the materials in the Titan II engine system showed that j

an extremely large number of alluys and other materials are required for
even this single applicatiou. It was far beyond the scope of this effort
to evaluate the corrosion resistance of all of these materials to INTO,

Instead, representative materials were selected for testing. These ma-

terials are presented in Table 4.

R
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TABLE 4

MATERIALS SUBJFCTED TO CORROSIVITY TESTING

Group I Group II Group III

Iron Alloys Aluminum Alloys Nonmetals
304 Stainless Steel 6061-T6 Kel-F
316 Stainless Steel 7075-T73 Kynar
321 Stainless Steel Tens 50 Butyl Rubber
AM350 SCT 2014-T6 Teflon
440C Stainless Steel 2024 Viton A
Welded specimens of Welded specimens of
all the above 6061, Tens 50 and 2014

Because the investigation is basically comparative in nature, specimens

were exposed to five different propellant compositions. These are:

1.

(]

L,

5.

Dry N20h (military specification, less than 0.10 weight percent

H,0 equivalent and a minimum 99.5-percent assay)

Wet N,0, (>0.1 weight percent H,0 equivalent)

Dry Ngoh plus approximately 3.0 weight percent FNO2 ("dry INTO")
Vet N20& plus approximately 3.0 weight percent FNO2 ("wet INTO")

Dry NQO& plus approxiﬁately 0.5 weight percent HF

These compositions broadly cover the conditions that could be expected

in actual operations. The fifth'ékﬁﬁasftion is included to check the

effect of the major reaction product between the additive and water in

the absence of either of these materials. Four series of tests were

conducted: 30-days exposure at ambient temperature, 30-days exposure at

70 C, 20-months exposure at am"ient temperature, and 7-days exposure at

ambient temperature (nonmetals only).

3
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At the start of the program, F3N0 was to be used as the inhibiting agent.
As a result of the stiorability tests described supra, it was discovered
that the F3N0-NT0 system was not stable and reacted to form FN02. It was
subsequently shown that FNO2 is as effective as F3N0 in reducing the water

content of moist NOO&, and therefore FN02 was substituted for F_NO as the

3

inhibiting agent.

To date all 30-day tests have been completed, and ail 20-menth tests are
in progress. The discussion and conclusiens of this report are based only
on data obtained from short-term (30-day) co-rosion tests. At the end of

the 20-month testing period, a supplementary report will be published.

Results of the 30-day tests have been promising. NTO with FNO2 added
forms a vhite passivation layer on aluminum alloys, both at ambient tem-
perature and at 70 C. Control tests show that this layer is not caused
by HF in solution. No passive layer is vis.ble when ferrous alloys are
exposed to FNO2 but a green passive layer forms at 70 € because of HF in
solution. Aluminum alloys are passivated by HF but only significantly so
(visually apparent) at elevated temperatures. Aluminum is more heavfly
passivated by FNO2 than by M', In all cases, the FNO2 passivation layers
disappeared faster than the HF passivation layers when exposed to the
atmosphere. The 304L, 316, and 321 stainless steel alloys and the 2014
and 2024 aluminum alloys appeared to be the most desirable of the alloys
tested. - . Twus

Sy e
N

Procedures

Preparation of Specimens and Test Cylinders. The testing procedure was

designed so that both welded and nonwelded specimens would be exposed to
both the liquid and vapor phases of the propellant compositions, Materials
were testad by exposing small disks (approximately )/16-inch thick and
7/8-inch diameter) to the propellants., These disks were strung on rods

and were separated by Teflon spacers, The spacers minimized interaction
between individual specimens and ensured free penetration of the propel-
lant to the surface of the specimens. Kel-F disks were placed between
specimens to catch any residue that might have fallen off the surface of

9
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the specimens during testing. For material uniformity aluminum specimens
were strung on aluminum rods, ferrous specimens on stainless steel rods,
and nonmetallic specimens on Teflon rods. Tests were conducted in stain-
less steel and aluminum cylinders which were capped on one end and valved
on the other end (Fig. 1 ), Steel valves were used on the iron test bombs,

and aluminum valves were used on the aluminum test bombs.

Uniformity of specimens of each material was assured by cutting a suffic-
ient number of specimens to perform all tests from a single piece of stock.
Any heat treatment, cleaning, or other preparatory operations were per-
formed on the original stock before cutting the specimens. All specimens
were cleaned with a soap solution, rinsed with water and acetone and
weighed before testing. Each specimen was also stamped with a number and

a letter designating the test condition and alloy, respectively.

The test bombs, valves, and fittings were vapor degreased, washed with
soap and water, and rinsed with water, trichloroethylene, and acetone.
Valves were completely disassembled for cleaning and reassembled using

Fluorolube as a lubricant on the valve stem assemblies.

&

Preparation of Propellant Solutions, Individual solutions were prepared

by drying commercial NI0 and then adding known amounts of the desired
additives, Water content was determined by nuclear magnetic resonance
(NMR) analysis and by aluminum Turner bulb analysis. HF and FN02 contents

were determined by infrared spectroscopy.

Loading, The propellant was loaded into the test bombs in a closed trans-
fer system (on a vacuum line). With reference to Fig. 2, a typical trans-
fer was carrier out as follows: The space between valve No. 1 and 2 was
evacuated, valve No. 2 was closed, and valve No. 1 was opened. With valves
No. 3, 4, and 5 open, the test bomb and loading assembly were evacuated.
Valve No. 4 was closed, and the loading assembly was pumped down to a
vacuum of approximately'lo-z torr. Valve No. 3 was closed and valve No. 4
was opened so that the test bomb was also pumped down to a high vacuum,
Valve No, 2 was opened and the loading assembly was allowed to fill for

10




Fe Alloys

Figure 1.

Al Alloys

30-Day and 20-Month Test Specimens and Bombs
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7 ainutes, After the loading assembly was filled, valves No. 2 and 5 were
closed, isolating the loading system from the vacuum system and prepellant
reservoir. Valve No. 3 was then opened and the transfer was carried out
for approximately 10 minutes., During the transfer, the Dewar flask was
filled with liquid nitrogen to bring the test bhomh temperature down to
-i90 C, Upon completion of the transfer, valves No. 3 and % vere closed
and the Lomb was removed from the loading sysiem. The bomh was then
weighed to verify transfer of a 65 wmilliliter volume., Smaller bombs and

a amailer loading assembly were used for the nonmetal samples.

Testing. All bombs were stored in an inverted (valve down) position.

The ambient and high-temperature bombs were stored in an outdoor bay at
the Rocketdyne Canoga Park facility. The high-temperature bombs wvere
gstored in an oven at 70 :3 C. Periodic samples were taken of the liquid
contents ol all bowhs containing IIF or 1-1002 on a vacuum line, to vhich a
gas sampling cellwas attached, as follows: The test bomb vas attached to
the line in an inverted position. The sampling system was evacuated and
then passivated with pure FN),. After evacuating the l’-‘NO2 from the sys-
tem, the valve on the test bomb was barely opened expanding a liquid
sampic to the yas phase in the sampling system. At the desired pressure,
(200 or of Hg) the test bomb valve was closed and the infrared cr near
infr_ved sanple cell was shut off and removed from the system and analyzed

as described in the Phase II s2ction of this report.

Fvaluation of Tests. All corrosion tests were evalunted in the same manner

to ensurc a commin basis of comparison. An averall observation of the
specimens, including the taking of color photographs, was made iomediately
upon removal from the test bombs. The alloys which had been obviously
affected by exposure to the oxidizer were noted. For the nonmetallic
samples, visual observations were made for swelling, dissolution, and
cracking. bheights of each specimen were then taken to determine the ab-
solute and percent weight change. The metallic specimens were then photo-
micrographed at 15X magnification. ObLservations on the surface condition

of the specimens wvere made by a comparison of the photomicrograph of the

13
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expocdd specimen te a phetomicrograph of a control specimen. Photomicro-
graphs of two ferrous and two aluminum alloys with controlec are presented

fa Fig. A-1 threugh A-12 of Appendix A.

For the ncunetallic specimens, NTO continued to evaporate long after re-
soval from the test hoab, therefore veights were taken after 72 hours and
240 beurz,

Unloading of Test Bombs. Unloading procedures were designed to preserve
‘the condition of the specimens as they were upon rescval from the teet

bombs. The noumetallic samples were removed and analvzed in the atmos-
phere. After duwping the liquid from the bomb, the samples were removed
from the bosb, removed from the Teflon r " and allowed to dry on a tray.
Observations wvere made on the samples, and they were then weighed after
72 and 240 hours.

The ir.tial unloading procedure for the metallic specimen tzsts was used
for the ambient temperature, wet, and dry NTO tests. After dumping the
liquid from the test bowbs, the specimen strings vere rapidly placed in
a glove bag (portable plastic bag with attached gloves) through which a

dry gaseous nitrogen purge wvas run. WYhen the strings of coupons no lovger

shoved signs of degassing NTO, they wvere resuved from the glove bag and
given three rinses: wmwethanol, 50-percent wethanol, /50-percomt vater, and
wvater., The purpose of the rinses vas to remove any residual nitric acid
vhich would continue to corrode the specimens. The specimens were then
resoved fros the ruds, blotted dry, photographed, and wveighed.

The procedure wvas modified for the removal of the aluminus specimens from
the subient temperature, drv INTO test bosb. Modifications were made to
preserve the paussivation layer. After dumping the liquid, a dry gaszous
nitrogen purre vas run through the bomb. The bowb with the specimen
string inside was placcd in the glove bag vhere the apecimens were then
rewoved from the rod. The specimens had a thin wvhite passivalion layer.
One specimen wvas removed and weighed. It appeared te be losing wveight.

14




After approximately 1.5-hours exposure to the atmosphere, the layer dis-
appeared. After 24 hours in the gluve bag, the remaining samples showed
significant passivation layer loss. 1t was apparent that a more inert

. stmosphere than that available in the glove bag was required for preserv-

ing the passivation lavers.

Al]l tests suhsequent to the aluminum alloys in dry INTO were cpened in
a dry box purged by a muisture-free gaseocus nitrogen. The dry box is
approximately 4 by 3 by 3 feet with an antechamber whick enables hani-

ware to be placed into .n¢ removed from the box while maintaining an in-

ert atmosphere. A Mettler balance vas placed in the box enabling the
weighings to be made in an inert atmosphere. The only work conducted
in the atmusphere was the dumping of the liquid, the gaseous nitrogen
purging of the INTO test bombs, the rinsing of the NTO test saoples, amd
tiie photographing of the specimens. All weighing and removal of the
sanples {rom the rods ves conducted in the dry box. An attempt was made
to preserve the passivation layers by sealing the specimens in Saran
¥rap packets upon removal from the dry bor. This preservation technique
. was sucessful in some cases and inadequate in others. This unloading

procedure proved satisfactory for all tests.

Test Besuits

Nonmetal Tests, Seven-day nonmetnls compatibility tests based on weight

chanze anmd visua) obscrvations were carried out in NTO, NTO F’NO, and
NTO + FNO,. These tests were conducted identicolly to the wetals tests
except Io; the preparation of the NTO + FNO, test bomb. The stainless

steel bomb used in the NTO - FNO, test wvas ;npusni\-at.ed vith an NTO )
l }NO,_, soluiion containing 3.0 ml: percent mg. The solution remmined

in the bowbd for 24 hours at 23 C.
The liquid and vapor phase specimens appeared to be identically affected

during both the NTO « FNO and NTO tests (Fig. A-13). Kel-F, Kynar, and
Teflon appeared unmaffected except for color changes. The Viton A cracked
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in both NTO and NTO + F3NO' Butyl rubber was completelv dissolved in

NTO + F.NO and seemingly unaffected by NTO, The F;NO in the NTO was not

completely destroyed by the reaction with the butyl rubber.

The results of the NTO + FNO2 test were mnfkedly different from those of

the NTO + F3N0 test (Fig. A-14). Kel-F, Teflon and Kynar again appeared )
unaffected by cither NTO or NTO + FNO, except for color change and a very

slight surface softening. The Viton X exposed to both NTO and NTO + FNO2

exhibited extreme swelliug (nearly twice the original size) as observed
upon removal from the test bombs. After exposure to the atmospliere for
30 minutes, the specimens reduced in size to approximately oue and one-
tenth the original size. There was some =:)itting around the inside dia-~
meter of the specimens exposed to the liquid phase of both the NTO and
the NTO + FNO,. The Viton A exposed to liquid phase NTO + FNG, had
approximately-one—fourth the resiliency of the control specime; compared
to approximately three fourths for the specimen exposed to the liquid
phase NTO. 1In addition, the Viton .\ specimen exposed to liquid phase NTO

+ INO,, was the only specimen which Jost weight.

Although the butyl rubber also exhibited extreme swelling as observed

immediately vpon removal from the bumb, the swelling was not as great as .
that of the Viton A, and there was no cracking. After exposure to the

atmosphere for 50 minutes, the specimens returned te their original size,

The weight changes of the specimens, along with observations, are pre-

sented in Tables A-1 and A-2.

In summation, there was considerably less reaction between the nonmetais
and NTO + PNUQ than between the nonmetals and NTO +F3N0. There was little
reaction between NTO + FNO2 and the butyl rubber, whereas the NTO + F3NO
dissolved nearly all of the butyl rubber, The amount of remaining in-
hibiter was also greater in the NTO + FNO2 test. Pretest FNO2 content

was 3.0 mole percent (in the supply bomb) and posttest FNO, content was

1.5 mole percent (in the test bomb).
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Wet and Dry NTO Tests, The ferrous and aluminum specimens exposed to wet

and dry NTO appeared, in general, only very slightly corroded if affected
at all, The only two alloys which were consistently affected by exposure
weré 1018 carhon steel and 440C stainiess steel. Both were slightly dis-
colored upon removal from the ambient test bombs, The 440 showed obvious
flaking in the dry NTO high-temperature test and discoloration in the wet
NTO high-temperature test., The welded carbon steel specimens appeared
black in the wet NTO high-temperature test. A sticky surface residue was
apparent on the vapor phase carbon steel specimens in the dry NTO high-
temperature test. Except for some spotting of the wet NTO high-temperature

test specimens, none of the aluminum alloys appeared affected.

A yellow-green powder was ohserved on the aluminum and ferrous alleys in
the ambient tests. Samples of this powder were taken and analyzed by
emission spectrographic analysis. Results of these analyses are presented
in Table 5 . Because iron is a major constituent even in the residue from
the aluminum test sample, it is believed that the source of the irom is
not from the test bombs but from the container used for storing the NTQ
before loading. Several of the other elements are stainless steel con-
stituents. These could come from the test bombs or, more likely (because

they also ave present in the aluminum test sample), from the storage
container.

TABLE 5

FMISSION SPECTROGRAPHIC ANALYSES OF NTO TEST RESIDUES

Major Minor Minor-Trace Trace
Test Constituents | Constituents | Constituents | Constituents
Dry NTO, Fe - Cr, Al, Si, Zr
30-Day Ambient, T Mg, N%, Mo,
Ferrous Alloys Cu, Ti, Na
Wet NTO, Fe, Cr Ni, Cu - Mn, Ti, Mg,
30-Day Ambient, Zr, Al, Si
Ferrous Alloys
We NTP, Fe Cr, Ni, Cu Si Mn, Mg, 7r,
30-Day Ambient, Al
Aluminum Alloys H
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Each specimen was weighed Lefore and after testing. The weight changes
presented in Tables A-3 through A-13are averages based on four samples of
each alloy (one welded and one nonwelded in each the vapor and liquid
phases). The only exceptions to this averaging of four samples are for
the 2024 and 7075 aluminum alloys (one nonwelded sample in each phase) or

where otherwise noted in the comments,

For the ambient temperature tests (Tables A-3 and A-4), most of the weight
changes are not really significant relative to the probable errors incurred

during handling and reweighing the specimens after the tests.

The weight changes are valid to approximately tO.OOOQAgrams. This rep-
resents approximately *0.0009 and *0.023 weight percent for the ferrous
and the aluminum alloys, respectively. Of the 22 averages in Tables A-3
and A-4, 17 are within this range. There are 8 weight increases and 11

" weight decreases which again show a random scatter in the data.

Weight changes are more significant for the high-temperature tests (Tables
A-5 and A-6. The 300-series ferrous alloys in the dry NTO test again
showed insignificant changes. The conditions apparently were still not
severe enough to affect these corrosion resistent alloys. The 440 and
1018 alloys showed weight gains which are consistent with visual observa-
tions (flaky, discolered surface layers). The ferrous alloys in the wet
NTO test showed significant weight losses in all cases. The conditions
were severe enough to bring about a corresive effect. Except for the

2014 in the dry NTO test, all aluminum specimens in high-temperature NTO
tests exhibited weight losses. Although not all of these weight changes
were of significant magnitude, the direction of the weight changes (losses)

implied a corrosive process in action.

Comments on the surface condition of the specimens made {rom the compar-
ison of photomicrographs of control and exposed specimens are presented
in Tables A-14 through A-22. Sawples of these photomicrographs are shown
in Fig. A-1 through A-12, Because the interpretation of the photomicro-
graphs is inherentiy subjective in nature, observations were made by two

people independently, and the comments made are a cempilation of these
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observations. Althovgh cbservations were mwade on photomicrographs of two

specimens in each phase (except for 2024 and 7075 aluminum), in Tables A-14

T ORI NG DUE I L

through A-22, the observations have been presented as vapor and liquid phase
comnents. In almost all cases, the welded and nonwelded saﬁples exhibited
the sname effect in a given phase. Most of the comments in Tables A-14
through A-17 express minimal surface attackor no effect at all, These
comments substantiate the minor or insignificant corrosion reflected by

the NTO tests discussed above.

In conclusion, the results of the NTO corrosion tests are as follows, The
conditions in the ambient temperature test were not severe enough to show
corrosive action. Although no large weight losses were evident (none
greater than 1 percent), the weight losses for the aluminum specimen in

the high-temperature tests and the ferrous specimens in the high-temperature
wet NTO test showed a corrosive process in action. Tt is anticipated that
the 20-month ambient tests will yield data which will confirm the corrosive

trend'apparent in the high-temperature tests.

Pry INTO Tests. The results of the dry INTO (NTO - ENO,) tests with alum-

inum are most promising in that an obvious white passivation layer was
formed on all specimens for both ambient and high-temperature tests (Fig.
A-15 through A-18). The ferrous specimens showed no visible layers. The
only visible effect with the ferrous specimens was a discouloring of 1018
carbon steel and 440C stainless steel alloys in both the ambient and high-
temperature tests. The ambient, aluminum alloy test was run twice. The
first time the test was run, infrared analysis showed that there was no

FNO,, present in the bomb when it was opened, and the passivation layers

reacted while in the glove bag, yielding no photomicrographs and question-
able weight changes. When the test was rerun, the unloading was conducted

in a dry box as discussed above,

The aluminum nlloys showed weight increases ranging from 0.7 to 3.6 weight
percent (Tables A-7 through A-9). The layers on 6061 and Tens 50 appeared
very loose relative to the other alloys. The layers on 2014 and 2024

appeared cuch thinner and more adherent than those on 6061 and Tens 50.
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The integrity of the 7075 layers fell between that of the 6061-Tens 50
and the 2014-2024 layers. Photomicrographs were taken of the aluminum
specimens from the ambient temperature test which was rerun. The layers
on the specimens from the initial ambient test and the high-temperature
test reacted before photomicrographs could be taken., The comments on

the surface condition for the ambient test specimens (Table A-18) support
the observation that tke layers on 2014 and 2024 were thimner (and prob-

ably more adherent) than those onthe other alloys.

The ferrous alloys showed weight changes ranging from 0 to plus 1.9 per-
cent (Tables A-7 and A-9)., The 304, 316, and 321 alloys showed less of

a weight gain than the other alloys in both the ambient and high tempera-
ture tests. For 304, 316, and 321, the weight gains were greater in the
ambient temperature test than the high-temperature test. For AM 350, 440,
and 1018, the trend was reversed. Observations of the photomicrographs
(Tubles A-18 und A-19) showed that these weight increases were caused by
thin surface layers. These layers can be attributed to either the FN()2
in solution or the HF in solution formed from the reaction of FNO2 with

the vater in the NTO (dry XTO is not completely water-free).

All test bombs with dry INTO exhibited a decrease in FNO, concentration
with time. The decrease was caused by passivation of th; test bomb and
samples. It is anticipated that during the 20-month tests, the FNO, con-
centration will be constant after complete passivation of the bomb ;nd
samples has occurred. This passivation phenomenon is consistent with the
results obtained in the storability tests discussed in a previous section

of this report,

Wet INTO Testa, The «luminum specimens in wet INTO also formed white

passivation layers (Fig. A-19 and A-20). The layers on the high-tenperature
test specimens were much heavier than those of the ambient temperature test.
Fspecially in the case of the high-temperature specimens, the layers on

2014 and 2024 appeared ouch more adherent than those on 6061, Tens 59,

and 7075, The ambient-temperature ferrous specimens showed no vhite layers.
The hirh-temperature ferrous specimens exhibited light green passivation
layers in the care of the 3))-seriecs alloys und grey layers in the case
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of the 440 and 1018 alloys (Fig, A-21), The layers on 304, 316, and 321
wvere very thin compared to the layers on AM 350. DBecause the high-
temperature, dry INTO, ferrous specimens did not passivate and the high-
temperature, wet INTO specimens did, it appears that the passivation

layer on the ferrous alloys is not primarily due to FN02 but to a reac-
tion product of FNO, and water, HF. Furthermore, because the ambient-
temperature specime;s did not passivate as did the high-temperature speci-
mens, HF passivation on the ferrous alloys is significant only at high

temperature in a 30-day test.

The awmbient aluminum alloys showed weight increases of 0.8 to 4.6 weight
percent (Table A-10). The high-temperature alloys showed increases of

5.4 to 23.2 weight percent (Vable A-11), As can be seen from the range

of weight changes, the¢ high-temperature specimens did passivate much

more Leavily than the ambient specimens. Photomicrographs were taken

for the ambient aluminum specimens but not for the high-temperature speci-

mens (layers reacted before pictures could be taken). Comments on these

photographs (Table A-20) substantiate the observed layers.,

The ferrous alloys showed weight increases of V.02 to 0.15 weight percent
for the ambient-temperature alloys and 0.35 to 1.71 for the high-temperature
alloys (Tables A-10 and A-11). The 304, 316, and 321 specimens showed

less weight gain than the other alloys in both tests. The larger weight
gains for the high-temperaturc test reflect the observed passivation

layers. The weight increases of the ambient test specimens are signifi-
cant and reflect thin surface layers. These layers were observed om the
photomicrographs as the comments on the pictures confirm (Tables A-19 and
A-20).

The decrease with time of FNO,, coucentration was faster in the wet INTO
bowbs than in the dry INTO bo;bs. FNO,, had to be replenished in 3 of
the h tests before the 30-day test per;od was completed. The reasons
for this rapid dissipation of FNO, is that FNO, not only oust passivate
the bomb and specimens, but it uu;t also ronct-with the vater present.

Passivation is ecssentially the ouly reaction inm the dry INTO,
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Dry NTO + HF Tests. The high-temperature tests exhibited thin passiva-

tion layers, whereas the ambient teoperature test specimens were not sig-
nificantly affected. The aluminum specimens exhibited very thin, white
layers (Fig. A-22). The ferrous specimens showed very thin, light green,
passivation layers (except for 440) especially in the vapor phase (Fig.
A-23), The 440 specimens exhibited heavy, cracked and peeling, dark
colored layers. The layers on 1018 and AM 350 were heavier than those on
304, 316, and 321. The only three alloys of the ambient tests which ex-
hibited obvious surface changes arc Tens 50 aluminum, 1018 carbon steel,
and 440 stainless steel. 1t is significant that the layers formed on the
aluminum specimens are much thinner than those formed on the aluminum
specimens exposed to wet and dry INTO, [t is also noteworthy that alumi-
num Jid not show a passivation layer in the ambient temperature test. In
a 30-day test, it appears that IIF will significantly passivate aluminum

and ferrous alloys only at elevated temperature.

The ambient-temperature aluminum alloys showed weight increases of 0.04

to 0,12 percent (Table A-12), The high-temperature aluminum alloys showed
increases of 1,07 to 3.59 weight percent (Table A-13), a marked increase
over the ambient changes due to the greater passivation, [t is noteworthy
that in the high-temperature test, 2014 and 202% showed the smallest per-
cent weight gains., This implics thimner (and perhaps more adherent )

layers than those on the other alloys as was the case in the INTO solutions.
Comments on the surface condition (Tables A-2] and A-22) verify the much
lesser alfect of the solution on the 2014 and 202% alloys, It should be
noted that the reported weight gains reflect the slight layers observed

on the aobient aluminum specimens (Table A-21),

The ambient ferrous allevs shoved weight gains of 0.03 to 0.22 percent
(Table A-12). The high-teoperature alloys exhibited 0.10 to 1.98 percent
weirht gaina (Table A-13). A\gain, the heavier weights for the high-
temperature test reflect the heavier paszivation layer. The 304, 310,
and 321 alloys showed the smallest weight gains in both tests o was the
case in the INTO solutions. The comments on surface conditions (Tables
A=21 and A-22) are in accordance with the visunl observatious amd weight

changes,




Conclusions and Recommendations

The conclusions made below are based on 30-day ambient and high-temperature
(70 C) tests. [t is assumed that the results of the 20-month tests will

not conflict with the data already obtained. The significant results are

as follows:

1. Wet NTO will corrode aluminum and ferrous alloys at elevated

temperature.

2. FNO, will passivate aluminum alloys at ambient and at elevated

temperature.

5. HF will passivate both aluminum and ferrous alloys but only sig-

nificantly (visually apparent) at elevated temperatures.

4, FNO, does not significantly passivate ferrous alloys.

5. Passivation layers on aluminum are much heavier with FN02 than
with IIF

It was apparent that certain aluminum alioys and certain ferrous alloys
withstand far better than the 1018 carbon steel, 440C stainless steel,

and the AM350 SCT alloys. VWherever corrosion was evident, the 30U-series
stainless steels showed smaller weight losses, hence, less attack than the
other alloys. Wherever passivation was evident, the 300-series stainless
steels shoved, in general, smaller weight gains (thinner and probably more
adhcrent layers) than the other alloys, The 1018 carbon steel and 440C
staninless steel exhibited highly undesirable surface conditions in certain

cases; c.g., high-temperature, dry NTO + HF test.

Considering the nluminum alloys, the 2014 and 2024 alloys appeared to be
wore desirable than the other whenever passivation was evident. The lay-
ers on 201 and 2024 appeared wuch thinner and much more adherent than
those on the other alloys., The layers on 6061 and Tens 50 often exhibited
a powdery or flaky texture which would be undesirable for use in a system.
Athoush the layers on 7075 aiuminum were not quite as loosc aa those on
6061 aml Tens 50, the alloy did not appear to be as desirable as either

M01h orv 2024,
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This study is comparative and, lience, subjective in nature, The comments
made above are based ou overnll impressions and averages. Individual
specimens could be found which would contradict the conclusions drawm,

It should also be noted that the alloys which appeared most desirable
are only the most desirable of the ones tested. To judge which alloys
would work best with INTO, a much larger number of alloys would have to
be tested. Before any INTO system is made operational, the particular

alloys to be uscd must be tested in & study similar to the one conducted.

GALVANIC CORROSION
Summary

Systen compatibility is dependent on factors beyond the simple corrosive
effects of the propellant on the individual materials of comstruction.
One of the most important interactions is galvanic corrosion between dis-
similar metals exposed to the propellant. While there is no exact cor-
relation setween conductivity and galvanic corrosion, the data obtained
here will help determine the necessity of later direct studies, because
more conductive solutions have a larger tendency to exhibit this type of

corrosion phenomenon.

FExperimental

The electrical conductivity of the following seven propellant wixtures

have been meaaured.

(3]
Conductivity x 101'

Composition ohm™} ca}

Dry NT0 (<0.01 weight percent H,0) 7
Dry NTO + FNO (2.0 weight perc;nt) 15
Dry NTO + IF (0.3 weight percent) 3
Wet NTO (0.1 weight percent H,0)

Wet N0 + F,NO (2.0 veight per;ent) 4
Dry NTO + FND,, (5 weight percent) ho
Wet NTO + FNOE (5 weight percent) 34
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The electrical conductivities were measured by a technique used previously
for chlorine pentafluoride (Ref. 1). A Kel-F conductivity cell, equipped
with nickel electrodes was used. An impedance bridge, which measures a
simple equivalent circuit (a resistor and a capacitor in series), was used
to measure the series impedance and the a-c resistance at 1 kilocycle of

the cell containing the propellant. From such measurements and the physical

dimensions of the cell, the conductivities of the fluids were calculated,

The conductivity cell was preconditioned by soaking with propellant grade
NTO. A Fluke Model! 710B Impedance Dridge (accuracy *0.1 percent) was used
to muke the a-c (1000 cycles) resistance measurements. To improve bridge
sensitivity, cell capacitance was balanced by the addition of external
capacitors. The maximum resistance which can be measured directly by the
bridge is 11 megohms. Because the resistance of the cell exceeded this
value for all three measurements, the cell resistance was found by measur-
ing the decrease in resistance of a 9.56 wegohm {a-c resistance) restrictor
when shunted by the cell. This method becomes less precise at very high

cell resistances.

For example, for a cell resistance of 1000 megohms, the precision is *10
percent. With measurements of exceedingly low conductivities, it is very
difficult to achieve reproducibility ¢o better than an order of magnitude.
Addison, et al. mwcasurements on NTO (Ref. 2), which were carried out with
d-c¢ rather than a-c circuitry, were fairly precise electrically, but the
reproducibility froa sample to sample was not precise. Conductivities
12 o8 x 10712 oha! cm”!. Their wethod of NTO pre-
paration, the thermal decomposition of Pb(NO.s)2 folloved by drying over

varied from 1 x 10
P“os. should have been capable of yielding very high quality NTO,

It vas considered unnecesary to equip the conductivity rell with a thermn-
stat because the temperature coefficient of conductivity of NTU was not
great enough to significantly affect the weasurements. For example,

-12 o -1 -1

experiwental conductivities found by Addison were 1.71 x 10 ha c=

-12
at 13.6 C and 2.24 x 10 ! at 20.4 C.
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A cell constant of 0.0096 cm-1 was calculated by measuring the conductivity

of a 0.010 N KC1 solution and using a value for its specific conductivity
of 0.00136 ohm™! cn™! (mef. 3).

Conclusions

Because of the low conductivities measured for the INTO solutions, it is

‘not anticipated that galvanic corrasion will be more of a problem with
INTO than it is with NTO,

CORROSIVE EFFECTS OF FLOWING INTO
Summary

The study to determine the corrosive effects of static and flowing inhibited
nitrogen tetroxide on typical Rocketdyne Small Engines Division(SFD)pro—
pellant valves has been completed. The SED propellant valves used for the
study were Gemini-type capsule 2 and 3 design. The test sequence was a

combination of dynamic and static conditionms.

The valves were exposed to the inhibited nitrogen tetroxide for a lhi-day
test period at ambient teuperatures, and during the test period the valves
were cycled daily. The daily cycle served first as a check to see if the
valves were operational, ani to allow fresh propellant from the reservoir
to flow into and through the valves. Pre- and post-valve functional test
were performed. A posttest disassembly and inspection of the valves was
conducted, as well as pre- and post-analysis of the propellant. Wet and

dry nitrogen tetroxide with the inhibitor (FNO2) were tested.

Test Procedure

Four propellant valves, Gemini-type capsule 2 and 3 design, were selected
as being typical of SFD hardware. These were two 25-pound thrust and

two 100-pound thrust valves (Fig. B-1 through B-4). These particular valves
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wvere previously research and development valves that were assembled for

a controlled decontamination study, but were never used.

The selected valves contained typical fabrication materials, close-

tolerance clearances, and had proved their design in prior compatibility

testing with Military Specification nitrogeu tetroxide. DPrior to testing,
the selected propellant valves were pirecision cicaned (Rocketdyne level 4)
and were functionally tested, reflushed with freon TI, and packaged for

testing,

The experimental setup for the compatibility test was constructed of stiaine-
less steel as shown in Fig. B=5 and D-06. Fach conmponent of {he system (tank
lines, hand valves, etc.) was precision clﬁunod in the same manner as the
valves. After assembly of the experimeuntal setup, and prior to installa-
tion of the propellant valves, the system wvas flushed with freon TF to
ensure that the system had not been contaminated during dssembly. When

the cleanliness of the system had been reassured, the propellant valves

were installed and tested as follows.

Two of the four valves (i.e., one 25-pound thrust valve and one 100-pound
thrust valve, identified as No. 1 and 2) were exposed to Military Specifi-
cation NTO with inhibitor added. The remaining two valves (one 25-pound
thrust valve and one 100-pound thrust valve) identified as No. 3 and 4
were exposed to NTO with water equivalent in excess of Military Specifica-~

tion plus the inhibitor,

The propellant reservoir tanks were removed from the system and loaded
with propellant. After the tanks were filled, they were assembled into
the test system. The pretest and posttest analysis of the propellant is
shown in Table B-1.

During the li-day test period, the valves were actuated once a day. Pro-
pellant was observed being expelled during each actuation, ehsuring that
the valves were operational. Observation of the propellant was made hy
vatching the vent port of the propellant catch tank as shown in Fig. B-5.

Valve actuation was done with a power supply capable of delivering 206 vdc.
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Throughout (he lh-ttay test peried, no additional propellant was required

other thaii that stored in the test system reservoirs,

Upon completion of the prescribed test peried, the subject valves were re-
moved from the exzerimental setup. decontaminated, and packaged for further
testing. Decontamination of the propellant valves was accomplished only
vith gaseous nitrogen purges so as not to disturb or remove any film or
reaction products prior to posttest functional testing and subsequent

disassembly,

Test Results

All four propellant valves successfully completed the prescribed test con-
ditions. The pre- and post-functional data show that there was not de-
terioration of the vaives caused by the inhibitor (FN02) added to the
nitrogen tetroxide (Table B-2). Examination of the hardware with the un-
aided eye and at 10, 15, and 45 diameters, showed a cnating on all the
metal surfaces of a white to pale green color, most probably iron fluo-
ide (Table B-3)., There was no deterioration of the base material of tie

propellent valves,

Conclusions

1. Ali four Gemini-type propellant valves were operational at the
end of the lhi-day dynamic/atatic exposure to inhibited nitrogen

tetroxide.

2. Pre- and post-functional tests of the four Gemini-type propellant

valve shkowed no significant changes (Table B_2),

3. No deterioration of the materials of construction was observed

(Fig. B-3 and B-4).

., A nearly uniform white to pale green coating was observed on all
internal surfaces of the propellant valves at the couclusion of

the tests.
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5. Inhibited nitrogen tetroxide is compatible with the SED solenoid

valves tested on this program,

TRANSFFER FFFECTS

Summary

If INTO is to be developed into a field operational propellant, it will
b2 necessury to make the INTO, transfer it into a shipping container, then
to a storage tank, and finally into a motor while still maintaining its
integrity. Determining the effects of transferring INTO was thus of prime

importance.

Experimental

INTO has been transfered from a l-liter 30% stainless steel Hoke cylinder
into corrosion test bLombs and storability bombs over 25 times. Analysis
was performed of samples of the liquid phase of the INTO in the Hoke
cylinder and in the bombs loaded from the cylinder. When the bombs Leing
loaded were prepassivated, no significant change in FN02 content was noted.
When the bombs were not prepassivated, the FNO2 content dropped until
passivation occurred. There was also some drop in FNO2 content of the
liquid INTO when there was a significant ullage remaining in the bombs

after loading, because the FNO2 is enriched in the ullage.

Conclusions

It is possible to transfer INTO without signifi.antly decreasing its FNO2
content, From a pructical consideration, it would ¢ best to prepassivate
containers into which INTO is to be loaded and to attempt to leave as little
ullage as possible. Prepassivation covld best be accomplished by loading

with a small quantity of INTO and then venting this small portion.
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RECLAMATION

Ten samples of out-of-specification NTO have heen reclaimed by the addition
of fluorine oxidizers. F3N0 has been used to reclaim NTO containiug as
much as 0.22 weight percent HQO. FNO2 has been used to reclaim NTO con-
taining as much as 0,24 weight percent HQO. FN02 formed in situ by the
addition of fluorine has been used to reclaim NTO containing as much as
0.19 weight percent H20. The original water contents were determined by
nuclear magnetic resonance and Turmer bulb techriques, and the final

water contents were determined with glass and aluminum Turner bulb apparati.
The final water contents were in the range of 0.02 to 0.04 weight percent.
It is probable that the final values chteined are not zero only because of

reaction of HF or FN02 with the apparati.

FIELD PREPARATION OF INTO

Sumuary

One of the most promising aspectsz of using FNO2 as an additive in NTO has
been the possibility of forming FNO2 in the field by the reaction of F2
with NTO. This possibility has lLoen investigated on a bench scale with
complete success. No major difficulties are anticipated in further scal--

ing up the operation.

EXPERIMENTAL

A 1-liter passivated Hloke cylinder was loaded with 1120 grams (750 C) of
liquid N204. Provisions were made for the withdrawl of liquid samples and
of samples of the gas above the liquid as well as weasurewments of pressure
(Matheson SS gage 23538-1) and temperature (Tem-Tron thermocouple U-T2)
changes (Fig. 3 ). The gaseous fluorine was stored in a 500-cc Hoke
cylinder reservoir at 50 to 67 psig and was bubbled through the liquid
Nzoq in small increments by means of the pressure differential. The de-

tails of the addition are summrarized in Table 6.
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Throughout the whole experiment the reaction vessel was agitated inter-

mittently to insure thorough mixing and reaction. The only warming oh-

served was when the F,) was passed through rapidly during steps No. V, VI,
- and VIIT, An overnll-i C temperature rise, corresponding to the change

in ambient temperature during the experiment, was noted. The heating was
. only obscrved at the top of the reaction vessel above the liquid phase.

The thermocouple did not show any temperature rise in the liquid phase.

Infrared sampling indicated that some FNO uas also formed, towards the

Qd of the experiment. A total of approximately 17 grams of F2 was passed

through or intoe the liquid NQOh. At the end of the addition infrared ana-

Iysis of the liquid phase by expansion of a portion o: the liquid into an

infrared cell indicated the presence 2.9 mole percent FN02.

Conclusions

The experiment showed that approximately 8.5 of the 17 graws of fluorine
added were used either to completely passivate the system and to react
with any moisture in the Ngoh itself or were vented during the addition.
The procedure adapted near the end of the experiment showed that a fairly
rapid addition of fluorine to nitrogen tetroxide could be made without
excessive heat resulting. Occasional venting may be desired to remove
small amounts of oxygen formed from the reaction of fluorine or PNO2 with

any water present iu the NTO,

VAPOR PRESSIME AND SOLUBILITY

Apparatus Used

The apparatus used for the vapor pressure measurcments consiasted of a 10-
milliliter stainless steel loke cylinder equipped with a pressure trans-
ducer and an intemal themmocouple sheathed in stainless steel. For

. l neasurcoents above room teoperature, the pressure transducer and the ullage

associated with it were wareed to about 5 C higher than the liquid by
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heating tapes. The total volume of the apparatus was 16.5 milliliters,
and the ullage averaged about 11 milliliters, A fuller description of
the equipment may be found in Ref, 4.

Vapor Pressure of FN02

——

All references in the literature to values of the vapor pressure of FNO,
stem from the weasurements made in 1932 by 0. Ruff (Ref. 5), wherein he
weasured its vapor pressure from -155 to -72.8 C in a quartz apparatus,
Although reasonable agreement has been found with the literature values

in the =70 C and below range, at room temperasture and above actual measured
vapor pressure was twice that predicted by the equation in Ref. 5. This
result is not surprising in view of the narrow range of temperatures used

in the older work.

In this work, the FN02 vas handled in a monel and Teflon high-vacuum line
vhich had the vapor pressure measuring apparatus affixed to it. The whole
system was passivated with fluorine gas and with FNO2 itself. The FN02
used in the wensurements was passed through a -126 C trap, where all of
the iwpurities. were condenscd and the purified compound was collected in
a -196 trap. Its purity vas tested by examination of its vapor pressure
at -80 C, vhich vas 540 o» (Ref. 5 reports 528 mm), and by ascertaining
that it was tensiometrically homogenevus (i.e., wheu the free space above
the liquid wvas doubled, the vapor pressure remained constant). The puri-
fied FNO,, wvas looded into the weasuring cquipment by vacuus transfer and
condensa;ion at -196 C. During the course of the measurements, the vapor
pressure of the FNO, was periodically checked at -80 C to ascertain its
purity. All uenaur;-entu reported ate an average of several independent
determinations ewploying two different batches of FNO, purified in the
manner described above. A vapor pressure equation vn: obtained from the
data u«ing the methed of least squares. The followin~ equation vas
obtained:

[




vhere

p = pressure in mm/Hg

T = temperature in degrees Kelvin

Physical constants derivable from this equation are: boiling point, -73.1
C (-72.4 in Ref. 5); A“v’ 4.20 kcal/mole; ‘Trouten's constant, 21.0.

Vapor Pressure of FNO

2

tC P found P calculated
-78.9 543 554
-45.8 2,770 2,703
-23.1 6,410 6,291

0.0 12,800 12,860

25.2 24,300 24,740

. The vapor pressure of FN02 at temperatures hig.er than 25 C wvas not measured

because of the limited pressure rating <f the valves employed in the

equipwent.

Vapor Pressurc of FNO, and N,0, Mixtures

Essentially the same procedures and precautions were taken in the wensure-

oents of the vapor pressure of FNO, and N,,O,. mixtures, as wvere described

for the case of pure FNO,,. The N,0, was distilled into the apparatus,

and the awount added determined by :‘reight difference. The FNO, wvas dis-
tilled in, and the awmount added wvas determined by weasuring t.h: pressure
and volume of the pas, The stainless steel equipment was not coopletely
pasnivated with solutions of m02 in 320‘. The rate of attack of the

cixture on the wvalis of the equipmeny vas slow at 9 C, interwediate at

23 €, and at 50 € xmall quantities of noncondensable gases were alwanys
formed during a measurement. To obtain meaningful results, the weasure-

oents at 50 U were corrected for the amount of noncondensable gases
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present, determined by cooling the apparatus to -196 C immediately after

a weasurement. In this way, consisteit results could be obtained from
different runs; nevertheleas,the accuracy of mcasurements at 50 C are con-
sidered to be of the order of 10 percent,

A further correction was mnde for the concentration of FNO, in the liquid
phase, taking into account the fact that the INO,, becaus;of its greater
volatility, would be present in higher concentm;ions in the pas phase,

A computer progran developed at Rocketdyne (Ref. 4) was employed to mnke
this correctidn. The results are presented in Fig. 4, 53, and 6.

It will be secn that the solution is close to ideal. The ideca! and ex-
periacntal curves at 50 C do wot meet as the MU, concentration approaches
zero due to the rcaction of N0, with the cquipm;nt. llenry's law counstants
for ©NU,, were obtained at e t.:‘nporaturcs v, 25, and 50 C, and in concen-
tration; ranging froc 0.97 to 4.72 percent (by weight)., Utilizing the
expression X}-\,_O‘J k P"N’.” wiere xﬂ»’()g is the wole fraction of }‘.\'02 in
the N:.,o,l solution and P}N(h is the partial pressure of FNOQ, k's were ob-
tained equal to 7.5 x 10-7 mm~! at 0 €, 6.1 x 107 ! at 25 ¢ and 6.0 x
IO-5 m-l at h0 C. The average error of Lhe k's obtained wasx *0.6 x 10-5
m-l. standard deviation 0.8 x 10~) r:--l. and probable error = 20.5

T m-l .

FREFZ ING POLLT DETEIMINAT LON

The sanc apparatus was usced for the freezing puint determination as was
cwpluyed for the vapor pressure mecasurcments. The nelting: point was de-
termined by the reverse of the cooling curve wethod. The asterial was
frozen at -1%, and the tcaperature was measured cver: uinute (roa -1AU
to U U with the thermocouple sheathed in stainlesn steel) and immerscd in
the (rozen wass. bWhen this scthod was caplo.ed with ?\20'.. a oelting point
of =11.0 wvax lfownd. vhich comparcd well with the literature value ot

“11.2 (Ref. 0),

\ mixture of l\‘n,_. and X.:O,. vas prepared. vhose nominal composition was
3.4% pereent by weaght.  The cogposition corrccted for the NG, in tie

vapor phase was 8,72 percent. amd at: oelting point determined by tie sawe
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wethod as used for Nﬁoh‘ A gond plateau was not found in the plot of '
temperature vs time; a plot of the first differeantial of the data gave a
melting poini for the mixture of -12.0 C, N204 has » molar [reezing point
depression constant of 3.6 C/mole additive/lOGO gms of solvent., lHence, a
freezing point depression of 2.6 C would be expected for a 4.72 weight
perceat solution., It is considered that with the present apparatus this
18 the best result that can be cbtained; for higher precision a truly
passive apparatus is uneeded in which the mixture can be cuntinually and

thoroughly mixed as the freezing point is approached,
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PLASE II: ANALYTICAL STUDIES

SUMMALY

To successfully and meaningfully conduct the engine evaluation of Phase I,
it was necessary to develop amalytical chemical methods for the complete
analysis of NTO, F3N0, FNOL NTO + F3N0’ and NTO + FNOQ. No single
chemical technique is available which will successfully analyze all of
these compe nds; therefore, a combination of methods was required for a
complete analysis. The procedures that were developed are described

imaediately infra,

EXPERIMENTAL

Nuclear Magnetic Resonance

The n.m.r. method for the determinaticn of protons in NTO (Ref. 7 ) has
heen used to check the water equivalent of the NTO samples used in Phase
I. F19 n.m.r, has been used to confirm the formation of FNO2 by the re-
action hetween FQ and NTO, and the formation of HF by the reactions of

F_NO and FNO2 with the HNO

3 present in NTO.

3

Infrared

The thermal stability of NTO + FjNO was followed mainly by IR analysis,

and the results are given elsewhere in this report. A calibration for

FNO, in NTO has bcen obtained in the infrared region by using the intensity
of Ehe 12.18-micron band of FNO, as a quantitative measure of the FNO,,
content. The calibration curvehis shown in Fig., 7. This method wash

used to show that the reaction of F2 and NTO did produce FNO2 in suffi-
cient quantity to yield INTO. A spectrum of NTO + FNO,, is shown in

Fig. 8. Figure O shows the calibration eurve for th; 2.51-micron band

of HF that is used to determine the HF formed when a fluorine oxidizer

is added to NTU containing some water,

41

et o




acmz ut Noz.m J0J aAaxn) uorjrvaqite) JIajamojoydoxjyosadg 2 aanfig

BHww ‘NOILYYINIONOD SONd
02 8l 9l 4 2! o] | 8 9 4 r4

10 m
301M0HI ¥3AUS :MOGNIM 3D S >
q331S SS3IINIVLS :AC08 32 mw
SHILIWIINGD O'S  HIONI Hivd rel=}
SNOWDIN 8121 HIONIVIAVM 20 M@ :
Y3L3INOLOHAOYLIIdS L-¥1 :ANIWNHLSNI oz w.
no :
om
l
<] eoF_ <
N
O
.v\ )
>
+#009 “
\ B 0 H
®S
pm 173
O
2
¢0
%0
40

P B Y H

e < g . e lll%'.\ .




SoNd + OIN J¢ mmajoadg padeajur -g dandrg : % :

1-ND *AININDIY4
009 OOL 008 006 O00I OOl 002 OOEl OOW 005l 0091 OGN 008l OO6I OOCZ OOM O0BZ OOE OO9C OOOW

m E.zj o._.zj QIN OIN °

(]

oz

og

or

oS

| i

43

03

LN30u3d "JONVLLINSNYYL

oL

o8

\w) = oe

001
A G M a 2 [} o] 6 8 L 9 S 1 4 11 € se

SNOYIIN ‘HLONITIAYM




dH 10§ aAIn) uoyjeaqrie) Jojamojoydoajdsds -G " aanftg

BHWW ‘JH R
82 2 (074 9 d 8 i ¢ o

\ \_ 100
I0NOMS WAUTTVD :MOONIM 1132
9331S SSTINIVLS :Aq08 1132

SN3LIRIIN3D O) HIONIT HiVd S00

SNOHIIM I1IS°2 ‘HAONITVIAYM jl

Z-%0 NVNNO38 ~LNINNHLSNI

44

ol'o

SNOYDIW 16°2 1V 3ONVENO0Sav

s1'o




Gas Chromntogranhx

There have been many unsuccessful attempts over the past decade to analyze
nitrogen oxides by gas chromatographic methods (Ref. 8 and 9). These

attempts have been made with both gas/liquid and gas/solid columms.

The use of gas/liquid chromatography, which utilizes an organic substrate
to achieve separation, was precluded by the extreme reactivity of NTO,
which will react with almost any organic substrate used in chronatography,
Conventional gns/solid chromatography uses materials such as silica gel,
molecular sieve, alumina, etc., to achieve separation by surface adsorp-
tion, However, most of the materials mertioned exhibit a high degree of
polarity. Attempts to analyze nitrcgen oxides using such materials re-
sulted in broadtailing peaks, which precluded the possibility of using

this approach as a basis for a quantitative analytical techmique.

During this program, a gas chromatographic technique was developed that
will successfully analyze F3NO’ NTO, and INTO samples for F3N0, N02, N20,
NO, 02, and N2° The method consists of trapping the NO2 (and possibly
any HF, NQO, or 002) at -80 or -126 C on an AIF3 column, passing the re-
maining gas mixture over either a A4-percent halocarbon wax on porous
glass or a Linde Sieve 5A column, and then into a thermal conductivity
detector. The N02-containing AlF3 column then is warmed to ambient tem-
parature and the evolved gas is passed directly through the same detector.
Using the halocarbon wax on porous glase column, NO + 02 + N2, F3N0’ N2)
(if in high enough concentrations), and NO2 can be determined, F3N0’

02, N2, NO, and NO2 can be determined by using the Linde Sieve 5A columm.

For a complete analysis, two samples must be run, one with each column.

An interesting aspect of the gas chromotographic analysis of NTO is that
NO will pass through the -80 or -126 C trap rather than being retained
as N203. The NO passes through the trap because at the sample pressure
used (200 mm), the NO + NO, &N 0, equilibrium lies far to the left
and, when the wmixture is p;ssed t;rnugh the trap, its residence time is

insufficient for the equilibrium to shift to the right. This was checked
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by determining chromatographically the NO content of two samples of N20h
containing 0.57 £0.05 weight percent NO (as determined by the proposed

NASA procurement specification, PPD-2). The NO contents found chromato-
graphically were 0.59 and 0.61 weight percent.

Water Fquivalency

The most straightforward method of ascertaining the efficiency of drying
NTO by adding a fluorine oxidizer would be to measure the water equiv-
alency of a portion of an NTO sample by a staudard military specification
procedure aml to similarly measure the water equivalency of a second
portion of the same NTO sample to which a fluorine oxidizer had been

‘ added. Unfortunately, the HF foimed by the reaction of a fluorine oxidizer
11 i with wet NTO reacts with the glass window of the phase separation Military
di? Specification apparatus. This reactivity precludes using that equipment.

% : Instead, it has been necessary to fabricate of an unreactive material an

approximate copy oi the Turner bulb apparatus formerly called out as a

military specification,

Ly An aluminum flask has been constructed for the purpose of obtaining water
r ‘ equivalent data from samples of INTO, The flask is shown in Fig., 10,
High purity aluminum 1100 and aluminum 3003-0 were chosen for construction
materials because of their weldability and corrosion resistivity. The

total weight of the flask is about 70 groms. Passivation of the aluminum

e RS, et i —t e %

container was accomplished by exposing it to 50-percent HF for 1 week

ano to Nooh for l-week. Water contents of Nooh determined with this

{ apparatus agreed to within 0,01 weight percent with those determined with

a gluss Tumer bulb apparatus.

T
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1/4-INCH ALUMINUM 3003-0 TUBING

B800Y AND CAP

w-..-‘.._

Figure 10. Al'minum Flask (Actual Sire)




Maps Spectrometric

Mass spectrometric analysis was used to check the purity of F5N0. The

snalysis revealed F.NO {90.8 percent), 0, (4.7 percent), No,, (2.5 percent),

N,0 (1.1 percent), and co,, (0.9 percent). This was in substantial agree-

went wvith the gas chromatographic results. Mass spactormetry is not ex- .
pected to be useful for the analysis of INTO since the M/E = 30 peak is

common to too many of the constituents.
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PHASE I: ENGINEERING EVALUATION

INTO haos been evaluated to determine its storability, its corrosive effects
upon typical materials of construction, its transferability, and its pos-
sible field preparation. In addition, its vapor pressure, freezing point,
and conductivity have been determined.

It has been found that INTO is storable at 70 C in stainless steel, alum-
inun, and nickel containers with no apparent change in composition for at
least 6 months. Therefore, stnrage in containers made of any of these

materials should be feasible.

Thirty-day studies have been completed at ambient temperature and at 70 C
of coerrosicn of iron and aluminum alloys exposed to INTO and NTO. Twenty-

month studies of corrosion of these alloys at ambient temperature are now

in pregress. On the assumption that the results of the 20-month tests

will not conflict with the data already obtained, the folloving conclusions

can be dramn: (1) wet NTO will corrode aluminum and iron alleys at 70 C;

(2) INTO will passivate aluminum alloys at ambient aud at elevated tem-

pcrature; (3) HF will passivate both aluminum and iron alloys but only

significantly (visually apparent) at elevated temperatures; (i) INTO doea

not significantly pussivate iron alloys; (5) passivation layers on aluminum #
are wuch heavier with NTO + PN02 than with NTO + HF; (6) although passi- ‘
vation layers are not visually apparent, 300 serics stainiess-steel alloys
withstand corroaion far better than 1018 carbon steel, 440 € stainless
sieel, and AM 350 SCT; (7) 2014 and 2024 aluminum alloys form thinner and
more adherent passivation layers than do 7075, 6061, Tens 50; (8) the |

passivation layers resct on exposure to (moist) air. It is recommended i
that aystems designed to use the INTO oxidizer be constructed of alloys ;
such as the 300 series stainless steels or 2014 or 2024 aluminum which »
have been found to behave significantly better when cxjosed to the f
propellant. |

AS




The effects upon nonmetals of INTO as compared to NTO have also been
studied. It was found that Kel-P, Teflon, Kynar, butyl rubber, and Viton A
are comparably effected by both compositione,

The conductivities of lm)2 + wet and dry N10, vet and dry NT0, and dry
NTO + HP have been measured. Only a relatively small change in solution
conductivity vas noted. It is therefore not anticipated that INTO vill

present more galvanic corrosion problems than does NTO.

The effecis of intermitiently floving INTO made from wet and dry NTO
through 2% and 100-pound valves for a 2-week period have been investigated.
No deterrent effects upon valve performance were observed. The use of INTO
is therefore not expected to contribute to valve failure problems.

A method for preparing INTO under field conditions has been developed.
Taic methsd conzisty of bubbling P2 through liquid propellant grade NTO
at ambient temperature. The reaction has been shown to proceed smoothly

and no difficulties are anticipated in scaling up the operation.

Measurements of the vapor pressures and freezing points of INTO solutions
have been completed. No unusually large variations were discovered in
either phenomenon. HRenry's lav constants for FN02 were measured and fouml
tobe 7.5 107 ma ! at 0C, 6.1 x 107 wm™} at 75 C, and 6.0 x 1070 wa
at 80 C. It is not anticipated that any major changes will be required

in systema designed for use with NTO, dve to the substitution of INTO for
NTO as a result of the changes in vapor pressure and freezing point.

Reclamation of wet NTO as dewcnstrated by a redu.tion in water equivalent
has been conclusively demonstrated by addition of fluorine or 502. It
has aiso been shown that INTO may be transferred in a closed syatem with-
out appreciable loss of !N02. The PN02 content vas found to be somevhat
lowered after transfer because of the 7illing of the ullage of the con-
tainer into vhich the INTO wvan being trunsferred by the INTO vapors. A
slov drop in nm2 content of the INTO was aiso noted until the new con-
tainer had completely passivated. To wminimize these effects, transfers
of INTO should be made under the followiug cunditions: (i) in closed
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systems, (2) the container into which the INTO is being transferred should
be filled as near to full as possible to minimize ullage, and (3) the PNO,
content of the soluiion being transferred should be somevhat higher than

than desired in the final container.

PHASE I1: ANALYTICAL STUDIES

Analytical chemical methods have been developed which allov INTO to be
analyzed for PSNO, PN02, NTO, NO, N20, HP, 02, N2' and 5120. F’NO, PN02,
and [P have heen determined by Plg n.m.1. 1120 has been determined by

lll n.m.r. and by using an aluminu= Turnzr bulb apparatus. I,SNO, NTO, NO,
N20, 02, and N2 have been determined by gas chromatography. F.}NO, PN02,
and HP have been determined by quantitative infrared spectiophotometry.
Techniques foi performing these analyses are described in the body of

this repourt.

RECOMMENDAT IONS

The cncouraging rcsults obtained on the INTO program suggest the further
devclopment cf INTO as an operational propellant. Additional engineering
properties will be evaluated on Contract POA611-67-C-0008. Purther work
has been proposed in response to RFQ FOA611-67-R-0059.

In addition to these efforts, INTO should, of course, he test fired.

Purtherwore, before any system is constructed in vhich INTO is to be used
as the oxiCizer, determinations should be made of the effects of storing
all of the specific construction materiula of the system in contact with

INTO urder mission duty conditions.
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APPENDIX A

CORROSION TEST DATA
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TENS-50 Aluminum

b.

Aluminnm Control Specimens

Figure A-7.
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TENS-50 Aluminum

(Vapor Phase)

b.

6061 Aluminum

(Vapor Phase)

Aluminum Specimens Exposed to Wet NTO,
Ambient Temperature

Figure A-9,
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Figure A-13. Seven-Day NTO snd N0 « F’NO Test Nonmetais Tests

A-14




A Ry )
P

0
L Kynar
I
Q  Butyl Rubber
g
I Teflon '
D

Viton A .
v
A
P
0
R

Teflon

Viton A

NTO CONTROL NTO « PN02
Figure A-14. Seven Day NTO and NTO + FNO, Nonmetals Tests
'y
A-15 ﬁ




Regulsr
304
321 g |
440 |
AM 350 & |
1018 e
S
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7075 (Not Weldable)

TENS-50

2015

2024 (Not Weldable)

Pigure A-16. Aluminum Control Specimens
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7075 (Not Weldable)
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2014
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Figure A-17. Dry INTO Y0-Day Ambi¢nt Alwminum Bprrinens
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Wet INTO 30-Doy High-Temperature Ferrous

Specimens
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Figure A-22. Dry NT0 + HF 30-Day High-Temperature Aluminum Specimens ‘ 1;
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Figure A~23. Dry NT0 + HF 30-Day High-Temperature Ferrous Specimens
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TABLE A-3

o o

WEIGHT CHANGES OF SPECIMENS EXPOSED TO DRY NTO
FOR 30 DAYS AT AMBIENT TEMPEEATURE

w
. .
i, st

Average Weight | Average Percent

Alloy Change, grams Weight Change ! Comments
i

Ferrcas Specimens

304 L +0.0001 +0.006 Weight changes were approximately
equal for all specimens.

316 +0.0002 -0.010 Welded specimens exhibited smalle-
weight decreases than nonwelded
specimens.

321 +0.0001 ' +0.006 Liquid- and Vapor-phase welded
specivens exhibited no weight
changes.

AM 350 0 0 The liquid-phase nonwelded speci-
men showed an abnormal weight

change and was discarded; vapor- -
phase nonwelded and liquid-phase L
welded specimen shouwed no weight -
change.

440 -0.0002 -0.009 The liquid-phase weided specimens
showed no weight change. The
vapor-phase welded specimen
showed the smallest weight change.

1018 +0. 0004 +0.011 The liquid-phase nonwelded specimen
showed the smallest weight change.

Aluminum Specimens

TENS~50 -0.0002 -0.025 None

2014 +0.0001 +0.024 The vapor-phase welded specimen
showed a large negative weight
gain whereas all others were pos-
itive. It was discarded in
averaging.

A-27
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TABLE A-3
(Concluded)
Average Weight | Average Percent

Alloy Change, grams Weight Change Comments

2024 =0.0004 ~0.055 The vapor-phase specimen showed
three times the weight loss of
liquid-phase specimen.

6061 -0.0005 -0.067 The vapor-phase welded specimen
saoved much larger weight de-
crease than others.

7075 +0.0004 +0.037 The vapor~phase specimen was dis-

carded because it showed a large
negative weight loss probably
caused by dirt in a machining
groove noted before the test.
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TABLE A- 4

WEIGHT CHANGES OF SPECIMENS EXPOSED TO WET NTO
FOR 30 DAYS AT AMBIENT TEMPERATURE

Alloy

Average Weight
Change, grams

Average Percent
Weight Change

Comments

304 L
316
321

AM 350

440

1018

TENS-50

+0.0002

-0.0002

-0.0002

-0.0001

~0.006

-0.0001

+0.0001

Ferrous Specimens

+0.006

-0.010

-0.003

-0.027

-0.006

Weight changes were approximately
equal for all specimens.

Weight changes were approximately
equal for all specimens.

Weight changes were approximately
equal for all specimens

The liquid-phase welded specimen
showed no weight change. The
vapor phase-specimens showed a
weight decrease. The liquid-phase
nonwelded specimen showed a weight
gain.

The vapor-phase weight losses were
approximately four times those of
the liquid phase.

The vaper-phase welded specimen
was the only specimen to show a
weight gain. The weight loas of
the vapor-phase nonwelded specimen
was four times that of liquid-phase
specimens.

Aluminum Specimens

+0.019

The vapor-phase welded specimen
showed no weight change. The
vapor-pkase nonwelded specimen
showed greater change than the
others.
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TABLE A-4
(Concluded)

Alloy

Aversge Weight
Change, grams

Average Percent
Weight Change

Comments

2014

2024

7075

0

=0.0002

+0.0002

0

-0.030

+0.014

Nonwelded specimens exhibited a
slight weight increase. The
vapor-phase welded specimen
showved no weight change.

The vapor-phase specimen showed
significant weight loss. The
liquid-phase specimen showed no
change.

Al]l samples except the liquid-
phase welded specimen showed no

"|weight change.

The liquid-phane specimen showed
weight gain. The vapor-phase
specimen showed a weight loss.
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TABLE L-5

WEIGHT CHANGES OF SPECIMENS FXPOSED T0 IRY KTG FOR 30 DAYS AT 70 C

Average Weight | Average Percent
Alloy Change, grams Weight Change Comments
Ferrous Specimens

304L +0.0001 +0.00% None

316 -0.0001 -0.006 Vapor-phase veight losses vere
greater than thcse of the liquid-phase

321 +0.0002 +0.008 None

AM 350 +0.0001 +0.004 None

440 +0.0016 +0.076 Vapor-phase specimens shoved slight
weight losses vhereas liquid-phase
specimens shoved significant gains

1018 +0.0008 +0.0%0 Liquid-phase specimens shoveé greater
veight increases than vapor-phase
specimens

Aluainum Specimens

TENS-50 -0.0012 -0.132 None

2014 +0.0011 +0.146 Vapor-phase nonwelded specimen showed
weight gain about 10 times those of
others

2024 -0.0011 -0.139 Liquid-phase specimen shoved weight
loss tvice that of vapor-phase
epecimen

6061 -0.007 -0.098 All veight lorses were about equal

7075 -0,0002 -C.014 Liquid-pbase specimen shoved no
veight change
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TABLE A-6

R 30 DAYS AT

0C

Average Veight | Average Percemt
Alley Change, grams Veight Change Comments
Perrous Specimens

JOAL <0.0046 -0.181 Welded specimens shoved greater
v~ ‘'ght loss than nonvelded speciwens.

316 -0.0052 -0.229 None

321 -0.0054 -0.237 Vapor-phase specimen veight losses
vere slightly greater than liquid.
pbase specimens.

‘ AN 350 -0.0077 -0.263 None

A0 -0.0222 -0.962 Liquid-phase velded specimen showed
a wuch smaller veight loss than others.

1018 -0.0017 -0.073 Vapor-phase specimens shoved greater
veight losses than liquid-phase
specimens.

Alumirum Specimens

TENS- 50 -0.0003 -0.0%7 VWelded specimens shoved grester
veight loss than nomwelded specimens.

20154 -0.0204 -0.038 Vapor-phase velded specimer shoved
greater wveight loss than others,

' 2024 -0.000% -0.066 Vapor-phase specimen veigh? less uvas

A times (bt of liguid-phase specimen.

6061 -0.0002 -0.031 Liquid-phase nonvelded specimen
showed veight increase.

N -0.0002 -0.018 Liquid-phase specimen showved ne veight
change.

i
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TABLE A-7

WEIGHT CHANGES OF SPECIMENS EXPOSED TO DRY NTO + FN02
FOR 30 DAYS AT AMBIENT TEMPERATURE

Average Veight

Average Percent

Alloy Change, grams VWeight Change Comments
Perrous Specimens

305 L +0.0011 +0.0C46 The veight gain of the liquid-
phase velded specimen vas slightly
less than the others.

316 +0.0005 +0.025 The liquid-phase veignt gains vere
approximately 1.5 times those of
the vapor phase.

321 +0.0006 +0.030 The vapor-phase nonvelded specimen
exhibited approximately tvice the
weight gain of the other speciwens.

AX 350 +0.0018 +0.061 The liquid-phase ponvelded speci-
nen showved a smmller veight gain
taan otker specimens.

80 +0.0021 +0.092 None

1018 +0.0020 +0.080 The welded specimens showed veight
less than the nonwelded specimens.

Aluminum Specimens

TENE-50 +0.0128 +1.726 None

2014 +0.0075 +1.068 Nonvelded specimens exhidited o
slightly greater wveight gain

) than welded specimens.

2024 +0.0056 +0.696 Therc was approxisately the same
veight gain for all specimevs.

6051 +0.0243 +3.57 Ko weight wvas recorded for the
liquid-nhase velded sample; it
was exposcd to air and the pass-
ivation layer reacted.

7075 +0.0096 +0.892 Noane
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TABLE A-8

WEIGHT CHANGES UF SPECIMENS EXPOSED TO DRY NTO + FNC

2
FOR 30 DAYS AT AMBIENT TEMPERATURE
(RERUN CF PREVIOUS TEST)
Average Weight | Average Percent
Allny Chenge, grams Weight Change Comments
T
Aluminwm Specimens

TENS-50 +0.0130 +1,761 Liquid-phase specimens showed
greater weight gains than vapor-
phaze specimers.

2014% +0.0072 +0.870 Liquid-phase specimens showed
greater weight gairs than vapor-
phase specimens,

2024 +0.0098 +1.124 Liquid-phase specimin showed
greater weight gain than vapor-
phase specimen.

6061 +0.0088 +1,303 Liquid-phase jpecimens showed
greater weight gains than vapor-
phase 8pecimens,

7075 +0.0075 | +0.833 Norne

A-3h
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TABLE A-9

WEIGHT CHANGES OF SPECIMENS EXPOSED TO DRY NTO + FN02 -

FOR 30 DAYS AT 70 C 4

Average Weight | Average Percent
Alloy Change, grams Weight Change Comments

Ferrous Specimens

304L +0.0006 +0.022 Liquid-phase nonwelded spe~imen
showed a weight gain of about one-
third of others.

316 - - Welded specimens showed small weight
gains, Nonwelded specimens showed
small weight losses,

321 +0.0903 +0.011 Liquid-phase welded specimen showed
vweight gain of at least twice those
of others.
AM 350 +0.0026 +0.083 Welded specimens showed double the
wveight gain of nonwelded specimens.
450 +0.0280 +1.218 Nonwelded specimens showed larger
weight gains than welded specimens, .
1018 +0.0060 +0.260 Nonwelded specimens showed larger ‘
weight gains than welded specimens.
Aluminum Specimene
TENS-50 +0.0282 +3.59 None
2014 +0.0156 +1.670 None
2024 +0.0138 +1.720 Liquid-phase specimen showed weight 1
gain 1.5 times that of vapor-phase
specimen. |
60¢1 +0.0234 +3.23 Liquid-phase welded specimen showed i |
larger weight gain than others. |
7075 +0.0203 +1.888 Liquid-phase specimen showed weight {
gain 1.5 times that of vapor-phase ? '
specimen. : -
{
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WEIGHT CHANGES OF SPECIMENS EXPOSED TO WET NTO + FNO

TABLE A-10

2

FOR 30 DAYS AT AMBIINT TEMPERATURE

Alloy

Average Weight
Change, grams

Average Percent
Weight Change

Comments

304L

316

321

AM 350

450

1018

TENS-50
2014

2024

6061
7075

+0.0008

+0.0004

+0.0006

+0.0021

+0.0027

+0.0030

+0.0231
+0.0114

+0.0063

+0.0368
+G.0150

Ferrous Specimens

+0.038

+0.015

+0.030

+0.072

+0.115

+0.146

Vapor-phase weight gains were
approximately 2.5 times those of
the liquid-phase.

Liquid-phase weight gains were
greater than those of the vapor-
phase.

Welded specimen weight gains were
approximately half of the non-
welded specimens.

Vapor-phase weight gains were
greater than theose of the liquid-
phase.

All weight changes were about
equal.

Nonwelded specimens had greater
weight gains than welded specimens.

Aluminum Specimens

+2.36
+1.469

+0.772

+4.56
+1.399

All weight gains were about equal.

Liquid-phase weight gains were
slightly greater than those of
vapor-phase,

Liquid-phase specimen showed greater
weight gain than vapor-phase
specimen.

All weight changes were about equal.

Liquid-phase specimen showed greater
weight gain than vapor-phase
specimen.
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TABLE A-11
o
WEIGHT CHANGES OF SPECIMENS EXPOSED TO WET NTO + FNO2 ¥
FOR 30 DAYS AT 70 C !
Average Weight | Average Percent f‘"
Allov Change, grams Weight Change Comments .
N i
Ferrous Specimens e
304L +0.0166 +0.678 Welded specimens showed smaller
weight gains than nomwelded
specimens,
316 +0.0088 +0.354 Welded specimens showed smaller
weight gains than nonwelded
specimens,
321 +0.0122 +0.582 Liquid-phase specimens showed

weight gains about twice those of
vapor-phase specimens.

AM 350 +0.0376 +1.284 Vapor-phase nonwelded specimen
showed slightly greater weight
gain than others.

540 +0.0408 +1.710 Welded specimens showed slightly
smaller weight gains than non-
welded specimens.

1018 +0.0176 +0,652 Liquid-phase specimens showed =y
greater weight gains than vapor- : 1
phase specimens.

Aluminum Specimens

TENS-50 +0.1850 +23.17 Vapor-phase welded specimen showed
much smaller weight gain than
others,

2014 +0.0404 +5.39 Nonwelded specimens showed smaller
weight gain than welded specimcus.

2024 +0.0562 +6.84 Liquid-phase specimen weight gain

was about twice that of the vapor-
phase specimen.

6061 +0.1263 +18.87 Liquid-phase specimens showed ‘
veight gains about 4 times those .
of vapor-phase specimens,

7075 +0.1140 +10.67 Liquid-phase specimen showed
veight gain about twice that of
vapor-phase specimen.

e Lo i
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TABLE A-12

WEIGHT CHANGES OF SPECIMENS EXPOSFD TO DRY NTO + HF

FOR 30 DAYS AT AMBIENT TEMPERATURE

Average Weight | Average Percent
Alloy Change, grams Weight Changse Comments
Ferious Specimens

304 L +0.0006 +0.029 Vapor-phase weight increases were
greater than liquid-phase weight
increases.

316 +0.0006 +0.025 Vapor-phase weight gains were
twice those of liquid phase.

321 +0.0010 +0.044 Nonwelded specimens showed
approximately twice the weight
gain of welded specimens.

AM 350 +0.0023 +0.080 All specimens showed approximately
the same weight increase. Welded
specimens showed a slightly
greater weight gain.

440 +0.0048 40,216 All specimens showed approximately
the same weight change.

1018 +0.0044 +0.191 The weight gain of the liquid-
phase welded specimen was approx-
imately one-third of the others.

Aluminun Speciwmens

TENS-50 +5.0010 +0.125 All weight changes were approxi-
mately equal.

2014 +0.0009 +0,121 The vapor-phase welded specimen
had a slightly greater weight
gain than the others.

2024 +0.0004 +0.044 The liquid-phase specimen showed
a significant weight gain. The
vapor-phase specimen showed a
slight weight.

6061 +0.0005 +0.070 Liquid-Phase specimens showed a
slight weight change. Vapor-

, phase specimens showed a signifi-

i cant weight gain.

: 7075 +0,0012 +0.116 Both specimens showed approxi-

i mately the same weight increase.
A-Jb
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TABL? A-13

WEIGHT CHANGES OF SPECIMENS FEXPOSED TO DRY NTO + HF
FOR 30 DAYS AT 70 C

Average Weight | Average Percent

Alloy Change, grams Weight Change Comments
Ferrous Specimens

304L +0,0039 +0.157 Vapor-phase welded specimen showed
larger weight gain than others.

316 +0.0050 +0.191 Vapor-phase specimens showed
weight increases twice those of
liquid-phase.

321 +0.0056 +0.244 None

AM 350 +0.0088 +0.294 Liquid-phase nonwelded specimen
showed less of a weight gain than
others. -

440 +0.0447 +1.985 Welded specimens showed less of a
weight gain than nonwelded
specimens,

1018 +0.0362 +1.497 None

Aluminum Specimens

TENS-50 +0.0282 +3.59 None

2014 +0.0131 +1.670 Liquid-phase specimens showed
greater weight gains than vapor-
phase specimens.

2024 +0.0138 +1.720 Liquid-phase specimen showed
greater weight gain than vapor-
phss2 specimen.

6061 +0.0234 +3.23 None

7075 +0.0102 +1.888 Liquid-phase specimen showed ?
greater weight gain than vapor- :
phase specimen.
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TABLE A- 14

SURFACE CONDITION OF SPECIMENS EXPOSED TO DRY NTO
FOR 30 DAYS AT AMBIENT TEMPERATURE

Alloy | Phase Comments
Ferrous Specimens
304 L Vapor No effect
Liquid Crazing and very slight corrosion of
machining grooves
316 Vapor No effect
Liquid Very slight corrosion of machining grooves
321 Vapor No effect
Liquid Very slight crazing and very slight cor-
rosion of machining-grooves
AM 350 | Vapor Slight surface attack
Liquid Very slight surface attack
440 Vapor Pitting and apparent corrosion
Liquid Slight pitting and apparent machining
groove corrosion
1018 Vapor Bad pitting and scale formation
Liquid Bad pitting and scale formation
Aluminum Specimens
TENS-50] Vapor Very slight attack of machining grooves
Liquid Very slight attack of machining grooves
2014 Vapor No effect
Liquid Very slight surface attack
2024 Vapor No effect
Liquid No effect
6061 Vapor No effect
Liquid Slight pitting and corrosion
7075 Vapor No effect
Liquid No effect
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TABLE A-15

SURFACE CONDITION OF SPECIMENS EXPOSED TO WET NTO
FOR 30 DAYS AT AMBIENT TEMPERATURE

Alloy | Pbase Comments
Ferrous Specimens
304 L Vapor No effect
Liquid No effect
316 Vapor No effect
Liquid No effect
321 Vapor Very slight corrosion
Liquid Very slight corrosion and crazing
AM 350 | Vapor Very slight corrosion
Liquid Very slight corrosion
440 Vapor 8light corrosion
Liquid S8light corrosion and spotting
1018 Vapor 8light corrosion of machining grooves
Liquid Slight corrosion of machining grooves
Aluminum Specimens
TENS-50 | Vapor Pitting and slight corrosion of weld
surface
Liquid Slight pitting and surface cerrosion
2014 Vapor Slight corrosion
Liquid Very slight corrosion
2024 Vapor Very slight corrosion on edge
Liquid Very slight corrosion
6061 Vapor Slight corrosion and slight pitting
Liquid Very slight corrosion and slight pitting
or spotting
7075 Vapor Pitting and slight corrosion
Liquid Very slight pitting and slight corrosion
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TABLE A-16

»

SURFACE CONDITION OF SPECIMENS EXPOSED TO LRY NTO

FOR 30 DAYS AT 70 C

Alloy Phase Comments
Ferrous Specimens
304L Vapor Slight spotting and slight corrosion
Liquid No effect
316 Vapor Slight pitting and spotting
Liquid Slight spotting and slight corrosion
321 Vapor No effect
Liquid No effect
AM 350 | Vapor No effect
Liquid Very slight spotting and slight corrosion
440 Vapor Apparent corrosion
Liquid Apparent corrosion
1018 Vapor Bad corrosion
Liquid Bad corrosion
Aluminum Specimens
' TENS-50| Vapor Very slight corrosion and very slight
spotting
Liquid Very slight corrosion and slight spotting
2014 Vapor No effect
Liquid Very slight corrosion and very slight
spotting
2024 Vapor No effect
Liquid Very slight corrosion and slight spotting
6061 Vapor No effect
Liquid No effect
7075 Vapor No effect
Liquid No effect
A-N2




TABLE A-17

SURFACE CONDITION OF SPECIMENS EXPOSED TO WET NTO
FOR 30 DAYS AT 7¢ C

Alloy Phase Comments

Ferrous Specimens

204L Vapor Slight spotting and corrosion
Liquid Slight spotting

316 Vapor Spotting
Liquid Slight discoloring and slight corrosion

321 Vapor Very slight corrosion and slight discoloring
Liquid | Very slight corrosion and slight spotting

AM 350 | Vapor Very slight corrosion and slight discoloring
Liquid No effect

. 4§40 Vapor Slight corrosion and discoloring
Liquid S8light corrosion and discoloring

1018 Vapor Corrosion and flaking surface layer
Liquid Corrosion and flaking surface layer

Aluminum Specimens

TENS-50| Vapor No effect
Liquid No effect

2014 Vapor No effect
Liquid No effect

2024 Vapor Some dark spots
Liquid No effect

6061 Vapor No effect
* . Liquid Slight spotting and slight corrosion

7075 Vapor No effect
Liquid No effect
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TABLE A-18

SURFACE CONDITI{ON OF SPECIMENS EXPOSED TO DRY NTO + FNO
FOR 30 DAYS AT AMBIENT TEMPERATURE

2

Alloy Phase Comments

Ferrous Specimens

S0AL Vapor Slight surface layer
Liquid Very slight surface layer

316 Vapor No effect
Liquid Slight surface layer and spotting

321 Vapor Slight surface layer and spotting
Liquid No effect

AM 350 | Vapor Very slight surface layer
' Liquid Slight surface layer aud spotting

480 Vapor Surface layer and spotting
Liquid Apparent surface layer

‘1618 Vapor Surface layer and spotting

Liquid Surface layer and spotting, apparent
residue on welded samp.e

Aluminus Specimens
(Rerun of inmitial test)

- TENS-50| Vapor Apparent passivation layer

Liquid Apparent passivation layer

T 1 2014 Vapor Thin, spotted passivation layer
Liquid Thin, spotted passivation layer
2024 Vapor Thin passivation layer

Liquid Thin passiveticn layer

6061 Vapor Pasaivation layer
Liquid Thin passivation layer

3
<1
~t

Vapor Fassivation layer
Liquid Thin passivation layer
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SURFACE CONDITION OF SPECIMENS EXPOSED TO DRY AND WET
NTO + :NO

TABLE A-19

2“30110'3“'700

Alloy Phase Cotuments
Ferrous Specimens, Dry
340L Vapor Extremely thin surface layer
Liquid Extremely thin surface layer
316 Vapor Extremely thin surface layer
Liquid Extremely thin surface layer
i 321 Vepor Very thin surface layer
! '
Liquid | Very thin, spotty svrface layer
: AM 350 | Vapor Very thir sarface layer
’ Liguid Very thin surface layer
- 440 Vapor Heavy, loose surface layer
Liquid Snotted surface layer
1018 Vapor Spotted surface layer
Liquid ‘ Spotted surface layer
Ferrous Specimens, Wet
J0AL Vapor Beavy, irregular surfacc layer
Liquid Feavy, irregular surface layer
316 Vapor Reavy, spotted surface layer
Liquid Crazed surface layer
321 Vapor Hoavy surface layer
Liquid Heavy, crazed surface layer

- - —
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TABLE A-19
{Continued)

Alloy Phase Comments
Ferrous Specimens, Wet
AM 350 | Vapor Spotted surface layer
Liquid Heavy surface iayer
440 Vapor Heavy, light colored surface layer
Liquid Heavy, spotted surface layer
1018 Vapor Spotted surfacé layer
Liquid Heavy spottec surface layer
.

The pussivation layers on the aluminum epecimens for both of the above

tests reacted and disappeared before photomicrographs could be taken.

Photographs ol these specimen® can be seen in Fig. and

A-%6




SURFACE CONDITION OF SPECIMENS EXPOSED TO WET NTO + FNO

TABLE A-20

2

FOR 30 Da = "T ANBIENT TEMPERATURE

A) 1w Phase Comments
F__
Ferrous Specimens
304L Vapor Slight discoloring and surface layer
Liguid Slight discoluring and surface layer
316 Vapor Slight discoloring &nd spotty surface layer
Liquid Very slight discoloring and thin surface
layer
321 Vapor Slight discoloriug and spotty surface layer
Liquid Slight discoloring and spotiy surface layer
AM 350 Vapor Slight surface layer and discoloring
Liquid Slight surface layer and discoloring
440 Vapor Apparent dark spotted surface layer
Liquid Apparent spotted surface layer
1018 Vapor Apparent spotted surface layer
Liquid Apparent spstted surface layer
Aluminua Specimens
TENS-50 Vapor loose pasaivation layer
Liquid loose passivation layer
2014 Vapor Apparent passivation levyer
Liquid Apparent passivation layer
2024 Vapor Thin passivatiep luyer
Liquid Thin passivation iayer
6061 Vapor Loose passivation layer and crazed surface
Liquid Craz:2 passivation layer
7075 Vapor Apparent passivation layer
Liquid Crazed passi ation layer
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SURFACE CONDITION OF SPECIMENS FXPOSED TO DRY NTO + HF

TABLE A-21

FOR 30 DAYS AT AMBIENT YEMPERATURE

Alloy | Phase Coxments
Ferrous Specimens
304 L | Vapor Slight surface layer
Liquid Spotted surface layer
316 Vapor No effect
Liquid Spotting on slight surface layer
321 Vapor S8light surlace layer
Liquid Spotting on slight surface layer
AM 350 | Vapor Very slight spoiting on slight surface
layer
Liquid Very slight srotting on surface layer
440 Vapor Spotted surface layer
Liquid Spotted surface layer; dense layer on
nonvelded specimen
1018 Vapor Apparent spotting on surface layer
Liquid Spotted surface layer
Aluminum Specimens
ZENS-50 | Vapor Spotted passivation layer
Liquid Spotted pessivation layer
2014 Vapor No effect
Liquid No effect
2024 Vapor No effect
Liquid No effect
6061 Vaper Apparent surface crasing
Liquid Sligh* passivation layer
7075 Vapor Slight pessivation layer
Liquid Passivation layer
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TABLE A-22

SURFACE C(NDITION,;’;D?,SPECIMHS EXPOSED TO DRY NTO + HF

" FOR 30 DAYS AT 70 C

Alloy Phase Comments
Ferrous Specimens
J04L Vapor Spotted, very thin surface layer
Liquid Spotted, very thin surface layer
316 Vapor Spotted, thin surface layer
Liquid Spotted, thin surface layer
321 Vapor Slight spotting and very thin surface layer
Liquid Spotted, very thin surface layer
AM 350 Vupor Very thin, spotty surface layer
Liquid No effect i
!
440 Vapor Extremely heavy flaking surface layer :
Liquid Extremely heavy flaking surface layer '
1018 Vapor Heavy, spotted, light colored surface layer
Liquid Spotted, light colored slaking suriace
layer
Alusinum Specimens
TENS-50| Vapor Very thin passivation layer
Liquid Very thin passivation layer
2014 Vapor Thir passivation layer
Liquid ] Passivation layer
2024 Vapor Very thin passivation layer
Liquid I Passivation layer
6061 Vapor % Passivation layer
Liquid i Passivation layer
075 Vapor } Passivation layer
1 laquid J‘ Paarivation layer
A-A9/A-50
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APPENDIX B

DATA ON EFFECTS OF FLOWING INTO UPON VALVES
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sanesentinent
TABLE B-1
ANALYSIS OF INHIBITED NITROGEN TETROXIDE
USED FOR THE SED PROPELLANT VALVE
Original Weight Percent FNO2 FNO2
Propellant | Water Content Before Test After Test
Dry NTO 0.08 5 5
Wet NTO 0.18 5 5
i
i
i
-
}
|
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TABLE B-2

PROPELLANT VALVES PRE- AND POST-FUNCTIONAL TBI‘J

Fre-Test Functional

300 pei
Pull-in Drop-out Pull-in Drop-out Pu]
Time Time Current Current
Valve INTO at 26 Volts, | at 26 Volts,! at 26 Volts,| at 26 Volts,| Leakage, |at
No./Size |Composition second second ampere ampere cc/uin s
1/25 1b | Mil-Spec 0.0031 0.0011 0.13 0.032 0 0
with
2/100 1b )| Inhibitor 0.0166 2.0027 0.27 0.052 0 0
3/100 1bY) | Wet NTO 0.0158 0.0023 0.26 0.055 0 0
with
/25 1b Inhibitor 0.0042 0.0012 0.17 0.030 0
Post-Test Functional
1/25 1b ) | Mi1-Spec 0.0034 0.0012 0.138 0.032 <1 0
with
2/100 1b ) | Inhiditor 9.0165 0.0024 0.29 0.055 0
3/100 1b- | Wet NTO 0.016 0.0030 0.22% 0.060 <] 0
} with
4/25 1b Inhibitor 0.004A 0.001A 0.195 0.032 0 0




TABLE B-2

VALVEE PRE- AND POST-FUNCTIONAL TEBTS

Pre-Test Functional

0 pei
Drop-out Pull-in Drop-out Pull-in Drop-out
Curreut Time Time Current Current
at 26 Volts,| Leakage, |at 26 Volts, | at 26 Volts, | at 26 Volts, | at 26 Volts,
smpere ce/min second second ampere ampe ~¢
0.032 0 0.0028 0.0014 0.09; 0.022
0.052 0 0.0087 0.0035 0.136 0.032
0.0%% 0 0.0083 0.0031 0.1% 0.036
0.03% 0 0.0027 0.0013% 0.10 0.030
Poet-Test Functional
0.032 <1 0.0028 0.0014 0.095 0.025%
0.055 0 0.0094 0.00%0 0.135 0.0%5
0.060 <1 0.0082 0.003%0 0.125 0.040
0.03%2 0 0.0030 0.001% 0.105 0.02%
B-3.B-A




TABLE B-3
DETAILED VALVE DISASSEMELY INSPECTION DATA® ‘
NO. 1, 25-POUND-THRUST VALVE
Seat
White crystalline material downstream of seat (fairly heavy deposit);

seat vas clean (Pig. B-7).

Armature/Ball

Etched except for vne circular spot evidently where seated (Pig. B-8).
Pils in evidence on armature and deposited in holes (Pig. B-9).
Film-coating on armature, very fine etch (Pig. B-10).

Bore
Pole face etched vith slight deposit (Pig. B-11).

NO. 2, 100-POUND-THRUST VALVE

Seat

Comparatively ciean; a fev flakes of crystalline material; clean down-
stream; immediately upstream speckled with green crystalline deposit
(Pig. B-12).

Armature/Ball

Seat arca bright and shiny, finish unaffected, other purt of ball etched;
fev crystals of vhite-green material on seated portion of ball (Pig. R-13).
Heavy buiidup of deposit on wvall, and armature would not drop out of
housing freely; the armature had to be pushed from the filter side to
rewove from housing (Pig. B-1A).

v

Bore

Heavy buildup of material on walls especially in area at upper portion
of armature wal! (Fig. B-16); pole frce has quite & bit of buildup aleo
(Fig. B-15).

®Although a buildup of material was visibly apparent on al! sarfaces exposed
to the prepellant, no deterrent effect on valve perforsance resunlted (Table B-2).

B-5
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TABLE B-3
(Concluded)

NO. 3, 100-POUND-THRUST VALVE

Seat
Clean with some crystalline material upstreas very unifornly deposited
(rig. B-17).

Armature/Ball

Twe places indicating seating; one bright and hardly etched, the other
etched but not as much as the previous valve (Pig. B-18). Crystalline
deposits all around bell area and holes, possibly not as much as in
valve No. 2. VWall of armature has filw uniforuly deposited (Pig. B-19).
Deposit not heavy, armature was easily removed from valve.

Bore
Wall bad beavy deposit at point vhere wvall and armature meets bore
wall for about 1/8 to 1/A iach down. Area above very clean, not de-

posited (Pig. B-20). Uniforw light deposit or film over area of pole
face (Pig. B-A).

NG. 3, 25-POUND-THRUST VALVE

Seat

Beavy deposit upstrean and ou upper portion of seat. Seat had quite a
bit of salts deposited on dowustream side (Pig. B-22).

Armature Ball
Etched slightly except for area vhere ball seated, some salte around

ball (Pig. B-23). Light fils covering armature and speckied raised de-
poeit on walls, holes, and around bull (Pig. B-24).

Bore

Pele (ace had only slight film of deposit {Pig. B-25).
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Figure B-9.
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25-Pound-Thrust Valve No. 1, View 3
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Figure B-12.
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100-Pound-Thrust Valve Nc. 2, Viev 1
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Pigure B-22. 25-Pound-Thrust Valve No. &, Viewv }




LC65-9/26/6 -C11

Figure B-23. 25-Found-Thrust Valve No. 4, View 2
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1KC65-9/26/66-C1G
Figure B-25. 25-Pound-Thrust Valve No. 4, Viev &
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